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Abstract
Background: Impedance cardiography (IC) is a noninvasive modality that utilizes changes in impedance across the
thorax to assess hemodynamic parameters, including stroke volume (SV).
This study compared aortic valve area (AVA) as assessed by a hybrid approach of transthoracic echocardiography
(TTE) and impedance cardiography (IC) to AVA determined at cardiac catheterization using the Gorlin equation.
Methods: A total of 30 patients with moderate to severe aortic stenosis underwent AVA measurement using two
different approaches: using the continuity equation (CE) in a hybrid method combining IC and TTE (AVA = stroke by
volume impedance cardiography/trans-aortic-VTI) and using the Gorlin equation. Patient age ranged from 37 to
82 years (mean 48); there were 21 men and 9 women. Twenty-five patients were in sinus rhythm, and five had
atrial fibrillation.
Results: There was no statistically significant difference for the mean AVA between the two methods (0.7 ± 0.24 cm2
using the Gorlin equation versus 0.7 ± 0.23 cm2 using the hybrid approach, p = 0.17; r = 0.76, p < 0.001). The mean
difference was 0.004 cm2, and the limits of agreement were −0.33 to 0.37.
Conclusion: The hybrid method using impedance cardiography and TTE is a reasonable, clinically applicable
approach to evaluate AVA and has significant correlation to invasive measurement using the Gorlin equation.
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Background
Calcific aortic stenosis is the main heart valve disease in
the elderly, leading to focal calcification and thickening
of the valve cusps [1] with a prevalence of 1.2 to 1.8 %
among patients 65 to 74 years of age and 4.1 to 5.2 % in
individuals ≥75 years of age [2]. Doppler echocardiog-
raphy has gained widespread clinical acceptance as the
standard method for evaluating aortic stenosis [3].
Doppler-derived data can be used to calculate the aortic
valve area (AVA) by means of the continuity equation
(CE). This approach requires measurement of the left
ventricular outflow tract (LVOT) diameter, the integral
of the pulsed-wave Doppler velocity in the LVOT and
the integral of the continuous-wave Doppler velocity
across the stenotic valve. Several studies have demon-
strated the validity of this approach [4–8]. However, cir-
cumstances may arise that can lead to inadequate
measurement of the LVOT diameter or LVOT flow. For
example, poor acoustic windows or heavy calcification of
the aortic valve may hamper the exact measurement of
the LVOT diameter, and flow acceleration in the LVOT
can lead to an overestimation of the Doppler-derived
stroke volume (SV). An alternative method to overcome
the difficulties associated with the determination of
stroke volume by echocardiography is using thermodilu-
tion during right heart catheterization. Simultaneous
measurement of the transaortic velocity-time integral
(VTI) by Doppler echocardiography allows for the calcula-
tion of AVA according to the CE (AVA = SV/transaortic
VTI, where SV = stroke volume and VTI = velocity-time
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integral). Although a valid method for calculating the
AVA in aortic stenosis [6, 9], the invasive nature of this
procedure limits its routine clinical use. Impedance cardi-
ography (IC) is a feasible, accurate method for the non-
invasive measurement of cardiac output in the presence of
moderate to severe aortic stenosis [10, 11].
IC applies Ohm’s relationship to the thorax to allow
changes in voltage and impedance to be translated into
hemodynamic parameters of cardiac function. Because
blood is a strong conductor of current compared to the
surrounding thoracic tissues, variations in blood flow
through the great vessels results in a measurable change
in impedance that allows for the calculation of the ef-
fective stroke volume [12]. In our hybrid approach, the
numerator of the CE (stroke volume) was determined by
IC, and the denominator (velocity-time integral of the
continuous-wave Doppler through the stenotic valve)
was determined by echocardiography.
This study compared the AVA as assessed by the hy-
brid method using IC and echocardiography-derived
data to AVA measured during cardiac catheterization
using the Gorlin equation.
Method
Study population
The study population consisted of 30 consecutive adult
patients undergoing cardiac catheterization with moder-
ate to severe aortic valve stenosis, who were evaluated at
our institution. The exclusion criteria included a very
poor acoustic window, presence of left-to-right shunting,
presence of more than 2+ mitral, aortic or tricuspid
regurgitation and the presence of tachyarrhythmias.
Rate-controlled atrial fibrillation was not an exclusion
criterion. Patients with a known allergy or sensitivity to
the sensor gel or adhesive and patients with skin lesions
at the sensor placement sites were excluded. The study
protocol was approved by the Ethics Committee of
Zentralklinik Bad Berka (Germany). Informed consent
was obtained from all patients.
Impedance cardiography
Stroke volume was determined non-invasively using a
commercially available system for IC (Task Force Moni-
tor Systems, CNSystems, Graz, Austria). Two electrodes
were placed bilaterally on the inferior chest wall in com-
bination with one electrode on the neck. Low-amplitude,
high-frequency current was delivered via these surface
electrodes, and the transthoracic impedance to this
current flow was measured. Changes in transthoracic
impedance were measured by four additional surface
electrodes: one pair placed bilaterally to the sternum
and the second pair placed bilaterally to the abdomen.
The stroke volume was calculated on a beat-to-beat
basis from the transthoracic impedance signal [13]. An
average of stroke volumes during 1 min was calculated.
IC, a complete echocardiographic examination and right
heart catheterization were performed within a time period
of two hours. Immediately after the IC examination, all of
the patients were brought to the cardiac ultrasound la-
boratory to acquire continuous-wave Doppler spectra of
the aortic valve. The heart rate was registered both during
the IC and Doppler examinations to ensure that data ac-
quisition was performed approximately at the same heart
rate. The ejection fraction was calculated from the echo-
cardiography data.
Echocardiography
TTE studies were performed and analyzed by the same
experienced physician echocardiographer using a com-
mercially available system (Vivid Seven, GE-Vingmed
Ultrasound, Horten, Norway). The TTE measurements
were performed according to the American Society of
Echocardiography guidelines [14]. The velocity-time in-
tegral across the aortic valve was measured from the ap-
ical 5-chamber view with continuous-wave Doppler. A
total of three measurements were performed for each
parameter in patients with sinus rhythm, and ten were
performed in patients with atrial fibrillation. Calculation
of the AVA was performed using the CE: AVA = SV/
transaortic VTI, where SV = stroke volume and VTI =
velocity-time integral.
Right and left heart catheterization
Right and left heart catheterization was performed via
the right femoral approach. Right heart catheterization
was performed using a Swan-Ganz, flow-directed ther-
modilution catheter and a cardiac output computer. The
cardiac output was calculated as the average of three
consecutive measurements for patients in sinus rhythm
and 10 consecutive measurements for patients in atrial
fibrillation. In all patients, the transvalvular gradient was
determined by simultaneous measurement of the pres-
sure in the left ventricle and ascending aorta. The AVA
was calculated using the Gorlin equation.
Statistical analyses
The results are expressed as the mean ± SD. The hybrid
approach versus catheterization measurements were
compared using 2-tailed, paired Student t-tests. The cor-
relations and agreements between the hybrid approach
and catheterization measurements were assessed by
Pearson's correlations and Bland-Altman comparisons,
respectively.
Results
Thirty patients (21 men, 9 women), ranging from 37 to
82 years (mean 48), were included in the study. Five
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patients were in rate-controlled atrial fibrillation, and 25
patients were in sinus rhythm. All of the patients had
either moderate or severe aortic stenosis, and none of
the patients had severe aortic, mitral or tricuspid regur-
gitation. The ejection fraction ranged from 50 to 70 %
(mean 58 ± 12.3 %). There were no statistically signifi-
cant differences between the mean AVAs as assessed by
the two methods (0.70 ± 0.24 cm2 by the hybrid method
and 0.70 ± 0.23 cm2 by the Gorlin formula, P = ns). The
correlation between the methods was significant (r = 0.76,
p < 0.01) (Fig. 1). The mean difference was 0.004 cm2,
and the limits of concordance were −0.32 to 0.33. The
Bland-Altman plot is shown in Fig. 2. All of the pa-
tients were classified into the same category of severity
by both methods (Fig. 3).
Discussion
Doppler echocardiography has become the preferred
method for assessing aortic stenosis in clinical practice
because it is non-invasive, widely available and has been
extensively studied in the past [4–8]. Calculation of the
AVA using the CE requires measurement of the LVOT
diameter, velocity-time integral of the blood flow in the
LVOT and velocity-time integral of the blood flow across
the aortic valve. Inaccurate measurement of one or
more of these parameters can lead to significant errors
in the determination of the AVA. Poor acoustic win-
dows and heavy calcification of the aortic valve are the
predominant reasons for inadequate determination of
the LVOT diameter. The continuity equation further
amplifies this error by using the square of the LVOT
diameter. Flow acceleration in the LVOT is another
source of error. It can lead to the overestimation of the
numerator in the CE.
To overcome the difficulties associated with the stand-
ard CE, alternative methods have been discussed. These
methods include using transesophageal echocardiog-
raphy for direct planimetry of the AVA [15–18] or
standard CE using a transesophageal approach [19, 20]
as well as CMR using planimetry of the AVA or velocity-
encoded CMR to calculate the AVA according to the
standard CE [21].
However, none of these methods has been shown to
be superior, and each method has its limitations. Trans-
esophageal echocardiography is semi-invasive and not
feasible in all patients [22]. Additionally, severe valvular
calcification may prevent clear visualization of the orifice
area [20]. Heavy calcification and turbulent flow across
the aortic valve can also lead to difficulties in edge dis-
crimination due to signal void during CMR imaging
[23, 24]. Clinical experience in assessing aortic stenosis
by velocity-encoded CMR is limited, and until real-time
flow recording becomes available, velocity aliasing
might be a source of inefficiency in this method [21].
Additionally, CMR is time consuming and costly and
certainly will not replace Doppler echocardiography in
everyday clinical practice.
A hybrid approach consisting of stroke volume assessed
by thermodilution during right heart catheterization and
simultaneous measurement of the transaortic velocity-
time integral assessed by Doppler echocardiography is a
good alternative method [6, 9]. The validity of this method
Fig. 1 Correlation between AVA determined using catheterization data and using the hybrid approach. Catheterization valve areas were calculated
using the standard continuity equation; the AVA derived by the hybrid approach was calculated with the equation AVA = SV/transaortic VTI.
(r = .76, p < .0001). Abbreviations: AVA; aortic valve area, SV; stroke volume, VTI; velocity-time integral
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could be demonstrated by comparing measurements dur-
ing left heart catheterization using the Gorlin equation.
However, right heart catheterization is an invasive proced-
ure with inherent risks.
In this study, we have demonstrated that there was no
significant difference between mean aortic valve area
(AVA) using the hybrid IC-Doppler approach in the con-
tinuity equation and the invasive measures using Gorlin
equation with good significant correlation between both
methods.
Goli et al. have used the hybrid IC-Doppler approach
and found that AVA using this method is not signifi-
cantly different from the invasive measures [10]. Instead
of using continuity equation, they used IC to calculate
cardiac output and Doppler echocardiography to figure
out trans-valvular pressure gradient then calculated AVA
using Gorlin equation. On the other hand, they per-
formed AVA calculation using continuity equation (CE)
with all the data obtained from Doppler echocardiog-
raphy only and showed good AVA correlation with the
Fig. 2 Concordance between the AVA measured by the standard continuity equation and the hybrid approach. The continuous line represents
the mean difference, and the dashed lines represent the limits of concordance. Abbreviations: see Fig. 1
Fig. 3 Grading of aortic stenosis severity by AVA using the catheterization or hybrid approach. Abbreviations: see Fig. 1
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invasive measures but less than the hybrid IC-Doppler
approach with Gorlin equation.
Combining measurements of stroke volume by IC with
measurements of velocity-time integral across the aortic
valve by echocardiography in a hybrid approach offers
several advantages. First, this method is an applicable,
feasible, accurate, efficient, cheap and non-invasive
method for measuring SV that can be frequently used in
aortic stenosis follow-up and in patients with a poor
acoustic window or inaccurate LVOT measurement.
Second, it bypasses the difficulties associated with the
determination of LVOT diameter and LVOT flow by
echocardiography.
Moreover, the use of hybrid IC-Doppler derived data
to calculate AVA using continuity equation (CE) instead
of Gorlin equation as done by Goli et el. [10] may be
more accurate as many studies showed that Gorlin equa-
tion tends to over-estimate the valve area and it may re-
flect the anatomical rather than functional area [25, 26].
Most importantly, all of the patients were classified
into the same category of severity by both methods, as
shown by (Fig. 3). The results showed that all patients
who have AVA less than 1 cm2 using hybrid IC-Doppler
method also have AVA less than 1 cm2 by the invasive
measures (Gorlin equation) and this applies also to those
with AVA more than 1 cm2. This means that even if
there is a difference between hybrid IC-Doppler and in-
vasive measures estimation of the AVA, the grade of the
stenosis will not differ and this will make better justifica-
tions of the decisions made based on this estimation, like
doing valve replacement for example.
The IC-Doppler hybrid method has limited value in se-
vere mitral regurgitation, severe tricuspid regurgitation,
severe aortic regurgitation and significant left-to-right
shunting [27–29]. Moreover, Impedance cardiography
should not be used for patients with severely abnormal
cardiac or thoracic anatomy [30]. There are clinical condi-
tions associated with underestimated measurements of
the cardiac output and stroke volume in comparison with
the invasive thermodulation method. These conditions in-
cludes hyperdynamic status (e.g. Septic shock), tachycardia
and cardiac arrhythmia [31]. The estimation of Stroke vol-
ume by impedance cardiography can also be inaccurate,
when there is a considerable degree of arterial hyperten-
sion, in case of short and tall population (Patients height
less than 120 cm or over 230 cm) and in thin or obese pa-
tients (weight is less 30 kg or over 155 kg) [32].
The results of our non-invasive IC-derived hybrid
approach may be equally used instead of left heart
catheterization-derived to determine the AVA in aortic
valve stenosis. Comparing both methods by Bland-Altman
analysis showed a mean difference close to zero, a range
within two standard deviations and very similar limits of
agreement.
Limitations
There are some limitations of the method used (IC-
Doppler hybrid). Impedance cardiography assumes that
the chest is a symmetrical cylinder, so this method can-
not be applied in patients with thoracic anatomic ab-
normalities and those with height or weight extremes
as mentioned earlier [30, 32]. However, these patients
represent a minority of patients in which we need to
use invasive measures.
Another minority of patients that hybrid IC-Doppler
may underestimate cardiac output and thus affect AVA
calculation like in tachycardia, arrhythmias and condi-
tions with hyperdynamic status like in septic shock, but
other non-invasive methods also may be less accurate in
these settings and the patients may be hemodynamically
unstable to undergo AVA estimation. Additionally, the
IC-Doppler hybrid method has limited value in severe
valvular diseases including severe mitral, tricuspid and
aortic regurgitation and significant left-to-right shunting.
Secondly, the impedance cardiography (IC) was done
once to each patient which may raise the query about
reproducibility and consistency of this method. How-
ever, IC effectiveness in estimation of cardiac output
(CO) was proved to be reproducible and comparable or
superior to other methods of CO estimation in previous
studies [13].
Thirdly, the absence of a control group may limit the
validity of the results but there is no control group in
most of the studies of this type as there is an ethical and
practical problems in doing invasive risky procedures
like heart catheterization in normal people.
Lastly, additional studies with a greater number of pa-
tients, including those with a low ejection fraction or
prosthetic aortic valve must be performed in order to
explore the utility of widespread use of this new method.
Conclusions
A hybrid approach using impedance cardiography and
echocardiography provides an applicable, feasible, accur-
ate, efficient, cheap and non-invasive method for meas-
uring SV that can be frequently used in aortic stenosis
follow-up and in patients with a poor acoustic window
or inaccurate LVOT measurement because it bypasses
the difficulties associated with determining the LVOT
diameter by echocardiography.
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